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ABSTRACT 

!n4orIl2il 1 ^I]2i iC S3i1, or Is a field effect device which interacts with the ambient solar wind or 

, ^«®o n ® iderab,e M vo,um e of space to generate drag and lift forces. Two theories 
method o f thrust generation are analyzed and data results presented. The techniques 
for maintaining superconductor temperatures in interplanetary space are analyzed and low risk options 
presented. Comparisons are presented showing mission performance differences between currently 
spacecraft utilizing conventional chemical and electric propulsion systems, and a Magsail 
propelled Spacecraft capable of generating an average thrust of 250 Newfons at a radius of one A.U 
Sl^ 1 ,? 80 Provides unique capabilities for interstellar missions, in that at relativistic speeds the 
magnclc tield would ionize and deflect the Interstellar medium producing a large draq force This 
would make it an ideal brake for decelerating a spacecraft from refotivistif speeds and then 
maneuvering wfthlr the target star system. M ana men 

INTRODUCTION 

The magnetic sail, or Magsail, is a device which can be used to accelerate or decelerate ? spacecraft bv 
using a magnetic field to accelerate/deflect the plasma naturally found in the solar wind and interstellar 
medium, its principle of operation is as follows: A loop of superconducting cable hundreds of 
kilometers in diameter is stored on a drum attached to a payload spacecraft. When the time comes for 
optraton the cable is played out into space and a current is initiated in the loop. This current once 
initiated, will be maintained indefinitely in the superconductor without further power. The maanetic 
field created by the current will impart a hoop stress lo the loop aiding the deployment and eventually 

***}** ^circular shape. The loop operates at low field strengths, typically 10' 6 Tesla, so little 
strengthening is required.Two different configurations were examined as shown in figure 1. 
n the axial configuration (tig. 1 a), tho axis of the dipole is somewhat aligned with the direction of flight. 
Pjjf r !?, rfnal configuration (fig. lb) the axis of the dipole is normal (or perpendicular) to the direction of 
w Thre .° prev '5 us papers by ,h0 same authors (references 1,2 &3) have discussed the Magsail’s 
principles of opera, ion and its applications for interstellar and planetary missions. This paper will show 
additional data generated this year and incorporate various technology advancements made since the 
last paper. A general description of the principles of operation follows: 

Th® Magsail as currently conceived depends on operating the superconducting loop at hiqh current 
densities at ambient temperatures. In interstellar space ambient is 2.7 degrees Kelvin wh6~re current 
low t e mperatu rosuperconductors NbTi and Nb 3 Sn have critical currents cf about 1.0x1010 and 

respecti '' ely - ln interplanetary space, where ambient temperatures are above the 
ortMcai temperatures of low temperature superconductors, these materials would require expensive 
refrigeration. However, the new high temperature ceramic suporconductors such as YBa2Cu307 have 
demonstrated enormous critical currents in samples at temperatures maintainable in interplanetary 
space using simple radiative thermal control concepts (ie. 70-90 degrees K). Assuming this 
performance will someday be available in bulk cable we have chosen to parameterize the problem by 
assuming a near term high temperature superconductor with a critical current of 10 i0 amp/m 2 and an 
advanced technology superconductor with a critical current of 10 1 1 amps/m 2 - Because the magnets 
are only operating in an ambient environment below their critical temperature no substrate material 
beyond that required for mechanical support was assumed. Assuming a fixed magnet density of 5000 

kg'mJ(copper-oxide), our magnets have current to mass density ratios (i/p) 0 f 2xl0 6 and 2xl0 7 amo- 
roso for tho near term and advanced cases, respectively. ' H 
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the Magsail for interplanetary operations. Additional nterplanetar? maneuvering £ 
attained oy us.ng gravitational swingbys of the major planets The se^ aSiStton JLThi .?! 
which will receive the majority of our attention in this papers asabS?^^ 

man- 1000 of j h ® s P 00d of :i 9 ht - Th e rapidly moving magnetic field of the Magsai! ionizes the 

S:CJ£S me 

2S5^S- Way8 ‘ n Wh ,'5 h ,he Ma 9 sail Physically interacts with the surroundinq plasma At very low 

S^Sffir T? expe< ? a paf1id ® ‘ nterac » lon - where each particle intera5s separare7with 

ISJh^mmln fh ne 10 dip ? ® - u thls case - we calcu,ate the Wl and drag generated by the current 
loop by summing the momentum changes over all incoming particles. 

wi r Jri e .hf'Sf^, fl0WS charac , tepstic °‘. the so!ar wirKl in Earth ' s Vicinity and for the large uurrert Ioods 
where the dipole magnetic field dominates the local magnetic field beyond several proton cvration 

^fnn V 't 9 h W 2 U ^ expect a ,luid ‘nteraction. where the solar wind interacts with the Magsail ,: «id as a 
SST^SSS^ It ld ’ l ”. l 5? same manner as * interacts with the earths' magnetic fielo In this 
the oarth ,ate Ma9 ! ai 1 J and dra 9 usin 9 aerodynamic approximations developed to explain 

imnar^on ?m!S h S ma 9 ne l°f P here We will discuss the mechanism for thrust generation and its 
impact on interpianeiary Oiuuai mechanics oniv briefly in this DaDer. For details on tho orh»ai 
trajectories of a Magsail propelled vehicle using with the solar wind, see references 2 *3 


Particle Interaction 

^ e , P r iC,e . inte ™ ,ion ’ a u com P u,er code, TRACE, was written which follows the trajectory of 
of e * U partlwoS 33 {he y interact with the magnetic field generated by the current loop and a 
mrnn 0 uo^S Ue L experimentS wer ® conducted testing the final disposition of particles firedttito the 
various wind velocities and starting positions A random thermal velocity 
Sfimm^no .h 0 h w ' nd ve ' 0CI, y wa s included to accurately model proton reflection characteristics* 
T me ?i ur ? cpan9 ® s 0< individual protons as they i. a versed various regions of the 

rhannof in 6 m« a °^ s the to,al ' m pact of the field on the oncoming solar wind to be calculated The total 
changes in momentum would be experienced as drag and lift on the current loop. 

As a test case, we have integrated the change in proton momentums in the radial and orbital directions 
for a example magsai! loop in the normal configuration (fig. ib) with a Magnetic Dipole Moment (Mqm ) o' 

ISJt? 1 rnSm2 ‘ T i 0ini,ial integration was over a square intercept area 40 loop radii on a side 
S!!, TRAC ^ Program. This was then extended to an area more than 200 loop radii on a side usina 
statistical sampling and emperical equations derived through curve fitting, and showed that the 
average change \r radial momentum summed over the entire area, Aq, (A^lO^m^) was; 

* AV r 

A 0 -rr J - = -0.00237 Ao 

v ro v 

Therefore the radial force, Ff , can be represented as; 

F r = Po Vro* 1 Aq ^ V - 

v ro 


( 2 ) 


( 3 ) 
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Which becomes F r * 2q Ac ■ 264.5 Newtons for a quiet sun solar wind at one AU. For this study, 

wo have assumed that a quiet sun solar wind at one AU has q - 5x1 O' 10 N/m 2 ! q » ^ p 0 V ro 2 ), that an 

average solar wind has q ■ 1 Oxl O’® N/m 2 , and that a high solar wind has q => 2.0x10"® N/m 2 . These 
are approximations based on published Mariner 2 riaia. 

The average change in velc^iy in the orbital plane(zero average particle velocity before encountering 
the magnetic field) summed over the same area is: 

Ao-^ = + 72.4R m 2 (4) 


Therefore, the minimum tangential force ,F|, can represented as: 

AV 7 

Ft - 2q Ao -- y = 74.1 Newtons ( 5 ) 

and the Magsasi produces a lift to drag ratio of 0.28. The generation of significant lift is an important 
result, and as we show below , is in contrast to the fluid interaction case. 


Fluid Interaction 

In the fluid interaction case, the forces on the current loop are modeled from the measured 
interaction of the solar wind with the earth's magnetic field, with corrections for scale based on known 
physical principles. 

The solar wind is a continuous hydrodynamic expansion of the solar corona out through the solar 
system. The nature of this expansion is such that the plasma achieves very high velocities (V 0 - 500 
km/sec) within the first one tenth astronomical unit and then the velocity increases very slowly with 
radius (ie. V - V 0 (ln R) 1/2 ), where R is the radius from the center of the sun (reference 4). The hot 
coronal plasma had very high electrical conductivity and, as such a fluid expands, the magnetic field 
lines are "frozen-in". This "frozen-in” magnetic field causes the solai wind to behave as a fluid even 
when its density is so low that the mean free length between collisions is several Astronomical Units! 

The fluid interaction process between the solar wind and Earths magnetic field is shown 
schematically in figure 2 from reference 5. 



Figure 2 Schematic of the Earth s Magnetosphere 

The magnetosphere represents the boundary between the perfectly conducting plasma in the solar 
wind and the compressed dipole magnetic field. The pressure, p, on a unit surface area of the 
magnetosphere is determined by the balance between the dynamic pressure from Newtonian flow 
aerodynamics, and the magnetic pressure from the magnetic field. This can be repesented as: 
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( 6 ) 


2( ^po v o 2 cos 2 0)» 


Bi 

2 Mo 


where 0 is the angle between the solar wind vector and the normal to the unit surface area of the 
magnetosphere. Note that po is the vacuum magnetic permitivity described earlier (po = i .26x1 O' 6 

Hanrw/mot or\ At tHSc rv\inl IKa r/sUc ui!n^ Uni i.aI**;*.. >. — » i * _ *u.. n.i j k . .. * • >• 

' »* Miiv* k w, "‘ *n iu Mao iwoi no veiuouy numicti iu me lieKJ lllltfS dfUJ only MOWS 

tangentially. In front of this region a bow shock forms similar to the shock wave in front of a blunt body 
in hypersonic flow. The region between the bow shock and the magnetosphere is called the 
magnetosheath. The magnetosheath is made up of higher density, thermalized solar wind, which is 
deflected and accelerated as it flows around the magnetopause region (again very similar to hypersonic 
flow). Assuming the solar wind excludes the magnetic field by generating surface currents to create an 
equal and opposite magnetic field at the boundary, we get a doubling of the magnetic field inside the 
boundary from symmetry (reference 2). The magnetic field at any point for a dipole in a vacuum can be 
written as: 


B = (2 COS* £ +sin* *) 


(7) 


where Mqm . the magnetic dipole moment, is equal to the number of amp-turns of current times the 
area of the current loop, r is the radius from the center of the current loop to the point in question, * is 
the angle between r and the dipole axis. £ and * are the corresponding spherical coordinate vectors. 
Since the field strength at the magnetosphere boundary is twice that at the same point in a vacuum, we 
can write an equality for the pressure at any point on the boundary surface: 

(8 , 

which can be written: 

0080 = ( Q r6 )° 5 (9) 

where M = Mq m DM and q _ i^co^ 


For calculating purposes, we define a new variable: Rmq = ( M )° 16667 , so that: 

r=RMQ(Gcos 2 e)016667 (-jq) 

Note, that Rmq is the characteristic standoff distance between the loop center and the front surface 
of the magnetosphere when * * 90 degrees ( dipole axis is normal to the flow). 

A computer program , MAGSHAPE, has been written to numerically integrate Equation (10) in order to 
determine the shape of the magnetosphere. A typical result is shown in figure 3. A variant of 
MAGSHAPE, called MAGFORCE, which integrates the pressures over the entire magnetosphere 
body of revolution has recently been completed. This enabled us to calculate the magsail drag, lift, and 
moment coefficients based on equivalent Newtonian flow aerodynamics. The results, sumarized in 
figure 4, are somewhat disappointing because the maximum magsail L/D is so low (about 0.05), but this 
L/D is more than adequate for interstellar applications, and precludes very few interplanetary 
applications. The only effect seen in Mars mission simulations using the reduced L/D was an increase 
in flight times of around ten percent. The full impact of magsaii aerodynamics on interplanetary 
missions will be explored in a future paper ( AIAA Paper 90-236 7 "Progress in Magnetic Sails"). 
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Figure 3. Integrated Magnetosphere Shape 
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Figure 4. Magsall Aerodynamics 




"f if™ 1 * Tm"> massar performance al one AU solar 

S??” ST J»ppe"7tar. Th. Dm- nrageal for earn dlpcl? momnt 
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Nof#: kro * 2,000,000 •mp-m/kg & Unm Mass of TPS = 0.0288 kg/m 



Figure 5. Bare Magsail Perfcrmance 
Interstellar Magsail Missions 

TOs paper was aimed at the interstellar apniications of magsails, which are further in the future but a 
better "fit with magsail capabilities.The use of magsails to slow a laser lightsail WoelledT irtereteHar 
SSS? ™ hic,e was in,r °duced in reference 1 In that paper, the limits ?o SlioSs wefe 

«dd and some example missions were presented. As a point of reference the triD *ime for a 

°!J n way 1009,dn manned exploration mission to a star ten lightvears away was 107 yea^ turning a 
1000 Terawatt laser with a beam divergence angle of 1.0x10"'® radians Tho vahirip Hr mice 
andVo-* »’ of 1 ?®° tons is payload, 1156 tons is a metalized kapton lightsail, 667 tons is maasail 
HftWn^c Ih 3 USIOn P ulse . ’’ocket and propellant to reduce the time spent in the doldrums rrhe 

5£Slr m^dfum ( ?'°The 0 m S a«air, l ? und ,? ry w k hi ? se P ara,es the target star's solar wind from the 
Hitersteiiar medium.) The magsail is travelling between 3000 and 500 km/sec in this reaion and 

n Jf S *! <0W .K S0 sm ? 11, ,akes several years elapsed time and almost a light yearofdistance 
Iou d r1?f£e Jeare 6,1 hSS9 U9k)Citi9S ' Addin0 a Sma " rocket reduces ,he ,otal deceleration perbd by 

’P" 9 trip , *5“."? due t0 low acceleration and deceleration rates caused by a variety of 
physical limitations^ Initial lightsail acceleration is limited by temperature constraints on the metal 
lightsail material, and the duration of acceleration is limited by the focusing capability of the laser optics 
Ira ^J®* 30068 approaching one lightyear the diameter of the image of the laser power-limited aperture 
gre^J exceeds the diameter cl the lightsail). Initial deceleration of the magsail was Tcelent buTa 
disport ionately long time was spent decelerating between 3000 and 500 km/sec. 
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Solutions to these problems seem to be at hand. The acceleration issues have been solv„ *>y 
Geoffrey Landis who introduced the subject of dielectric lightsail materials in reference 6 (with help 
from Robert Forward). A laser lightsail made from pure dielectric materials, operating at the proper 
wavelength, will absorb very little laser light and can operate at intensities many orders of magnitude 
above metal reflectors. This means laser power can be increased, acceleration raised, and acceleration 
distance shortened. Shortening the acceleration distance means laser beam Imagina and Dointina 
accuracy can cease to be a problem. The principal remaining acceleration problem becomes where to 
build a multi-thousand Terawatt laser. A candidate laser power station is shown In figure6. It uses a 
small asteroid to stabilize the focusing mirror during operation. 



Figure 6. Possible Solar System Laser Power Station 

The deceleration issues were the low drag to mass ratios of the initial magsail designs and the slow trip 
through the"doldrums". The current magsail designs have much better drag to mass ratios because 
they have bigger radii. This is the area-to-perimeter issue discussed earlier. By minimizing the design 
loop current to just barely sustain the hoop force required to counter the deceleration forces fed 
through the shrouds, a very large but very light magsail, is possible. The magsail proposed now is 
3100 km in diameter versus 1000 km in the 1988 study and masses about 1000 tons. However, it 
provides deceleration times roughly half of those in the 1988 study. This magsail has a Magnetic 

Dipole Moment of I.OxlO 19 amp-m 2 , with a current of 1,350,000 amps, and a hoop force of 390 000 
newtons. 


Predicted Performance (1990 Edition) 

One-way trip time for the same 1000 ton manned exploration mission descibed in reference 1 is now 
37 years, of which 0.8 years is spent accelerating, 17.4 years is spent coasting at half the speed of 
light, and 18.8 years is spent decelerating. The initial vehicle masses 2344 tons, of which 1000 tons is 
payload, 950 tons is magsail, and 394 tons is lightsail. The vehicle is propelled by a 5000 Terawatt laser 
and reaches half the speed of light in 0.21 lightyears. The laser focusing mirror has a 50 km aperture 
and the lighsail is 50 km in diameter. 

An alternative design carries a 201 ton fusion rocket and 159 tons of propellant. If has an initial mass of 
2780 tons, requires a slightly heavier magsail (1028 tons) because it has to decelerate the fusion 
rocket also, but uses the same lightsail. Because of the higher initial mass it takes 0 32 years to 
accelerate,. It cc sts for 17.8 years , and then decelerates for 14.5 years. The net result is a total 
savings of 4.4 years. Provided advanced fusion rocket technology is available, the time savinas is 
probably worth the additional cost. v 
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CONCLUSIONS 


Advancements in technology have increased the probability and the usefulness of the maosail 

rt S an f° mF f ,e with advanc ed rocket systems to deliver people and cargo to 

nparhi/ ctarc~i«ith' 1 Vh^ < «^ Var ” ex - r 2P0.at!cr!c of todays technolyies, it can deliver manned vehicles to 
nearby stars within the time constraints of a single human lifetime. 
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